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Abstract
In this paper we describe the motivation behind and the contents of two new control courses, Introduc-
tion to Computerized Control and Modeling and Simulation developed at the Department of Engineering
Cybernetics, Norwegian University of Science and Technology.
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1 Introduction
Control education at the Norwegian University of Sci-
ence and Technology (NTNU) is provided by the De-
partment of Engineering Cybernetics in the Faculty
of Information Technology, Mathematics, and Electri-
cal Engineering. Each year the department graduates
about 100 students with Master’s degrees. The depart-
ment oﬀers an integrated 5-year degree where the stu-
dents are recruited directly to control studies in their
ﬁrst year. Our success in recruitment is partly due, we
believe, to our use of the word cybernetics in the name
of the department. Although this term is not widely
used in the international control community, potential
students apparently ﬁnd it exciting.
At the undergraduate level, control education has
been heavily inﬂuenced by the traditional electrical en-
gineering curriculum. Consequently, many of our un-
dergraduate students have had limited training in me-
chanical and chemical engineering. In addition, stu-
dents who specialize in motion control or chemical pro-
cess control are expected to master advanced mathe-
matical modeling to meet the expectations of industry.
In response to these needs, a new course in modeling
and simulation is now taught in the third year to pro-
vide students with the required background.
∗Reprinted, with permission, from IEEE Control Systems Mag-
azine, Vol. 24, No. 5, 2004.
The department has also responded to a recent trend
in which students generally require motivation in the
form of problem-driven education. For the last two
years of their studies, we have therefore introduced
more project work in the courses, and extended the
duration of the student project to two months and the
thesis work to ﬁve months. However, our main inno-
vation is the new introductory course Introduction to
Computerized Control, developed for the ﬁrst year of
study. Although it is a challenge to introduce the basic
concepts of control engineering at this level, our experi-
ence has been positive, and we believe that this course
is necessary for motivating the students to complete the
many theoretical courses at the undergraduate level.
The control-related courses in the master’s program
are listed in Table 1. In addition to these topics, there
are compulsory courses such as mathematics, statistics,
and circuit analysis. Each course comprises 7.5 credits,
and students are required to take 60 credits per year.
In the Norwegian system there are two semesters per
year, and each semester comprises four courses.
The modeling and simulation course is taught in
the third year of undergraduate study. The students
have taken a basic course in automatic control the-
ory in their fourth semester, and they have had stan-
dard undergraduate courses in engineering mathemat-
ics. The curriculum in the fourth and ﬁfth years was
developed to achieve specialization in either motion
control, process control, or instrumentation and com-
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Year Course
1st Introduction to Computerized Control
2nd Control Engineering, Computerized Control
in Industrial Systems
3rd Linear System Theory, Modeling and
Simulation, Optimization and Control,
Real-Time Systems
4th The students specialize in either motion
control, process control, or instrumentation
and computer systems
5th Project work and MSc Thesis
Table 1: Control-related courses in the Department of
Engineering Cybernetics, Norwegian Univer-
sity of Science and Technology. The courses
Introduction to Computerized Control and
Modeling and Simulation were recently devel-
oped to meet the special needs of the curricu-
lum.
puter systems. According to the area of specialization,
the students can choose courses such as nonlinear sys-
tems, guidance and control, modeling and control of
robots, system identiﬁcation and adaptive control, em-
bedded computer systems, modeling and identiﬁcation
of biological systems, instrumentation systems, and ad-
vanced control of industrial processes.
In their ﬁnal year, the students do their project work
and ﬁve months of thesis work. In parallel with the
project work, the students must take two subjects as
guided self study. These topics include robotics, non-
linear motion control, servomechanisms, model predic-
tive control and optimization, real time theory, system
identiﬁcation and adaptive control, and Kalman ﬁlter-
ing.
The focus of this article is on our two new undergrad-
uate courses Introduction to Computerized Control and
Modeling and Simulation.
2 Introduction to Computerized
Control
2.1 Background
The basic control engineering course is given at the end
of the second year, and this class is the ﬁrst experi-
ence the students have traditionally had with the con-
cept of automatic control. Since some students drop
out before they reach this level, we have introduced
an introductory control course in the ﬁrst year. The
idea is to introduce some of the topics that will ap-
pear later in other courses. It is also our hope that
this approach will motivate students to complete the
theoretical courses during their undergraduate studies.
Introduction to Computerized Control presents dy-
namics, time-domain control design, instrumentation,
and real-time computing in the format of three hours
of lectures per week, four compulsory laboratory ex-
ercises, and seven web-based sets of problems. The
course gives insight into key problems in control theory,
instrumentation, and other topics that form the basis
for implementing automatic control systems. While
it is too early to evaluate the eﬀect of this course, the
response from the students has been positive, and com-
ments such as ”This is the most interesting subject we
have had so far” are typical.
The course is taught during fourteen weeks of lec-
tures, and is divided into two distinct parts, described
below.
2.2 Control fundamentals
The ﬁrst half of Introduction to Computerized Control
covers the terminology of control systems, and includes
an introduction to diﬀerential equations and dynamic
systems. Balance laws are introduced, and mathemat-
ical models of various physical processes are derived.
First and second-order models of electrical, thermal,
mechanical, and ﬂuid systems are covered. Control and
simulation of these models is then demonstrated. All
control design is done in the time domain, and PID
control is applied to temperature control, ﬂuid-level
control, cruise control, and spacecraft attitude con-
trol. We present simulation by Euler’s method, with
the understanding that many systems require more ad-
vanced simulation methods that will be taught during
the Modeling and Simulation course. The students are
introduced to block diagrams, and are shown how to
implement block diagrams in Simulink.
The ﬁrst part of the course ends with a midterm
exam and a group project. In the project, the students
work for two weeks in groups of four to ﬁnd a solution
to a rather loosely stated control problem. An example
of one such problem statement is ”Develop an adaptive
cruise control for cars.” The results from the project
are presented in front of the class. Topics discussed in
the presentation include modeling, control design and
tuning, simulation, and analysis
2.3 Implementation aspects of control
systems
The second half of the course covers implementation as-
pects of control systems. The students are introduced
to sensor principles based on resistance, capacitance,
light, and magnetism. These principles are applied to
the measurement of position, velocity, force, and ﬂow.
Actuators such as control valves and electrical motors
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Figure 1: Tuning of a PID autopilot. In this exercise, the students tune a PID control law for a ship autopilot.
The goal of the exercise is to ensure that the ship navigates a fjord by means of a set of way-points in
the shortest possible time without hitting the shore or other vessels. The simulator requires only Java
applets, and runs on standard computers. If the autopilot is well tuned, the speed of the ship can be
increased. The students compete against each other in navigating the fjord in the shortest possible
time. A high score list is kept to stimulate competition. The simulator is part of PIDstop, a system
developed by Tore Bjølseth, a research assistent at NTNU.
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are described. Laboratory assignments on ﬂow mea-
surement and angle measurement are used to support
this part of the curriculum. For ﬂow measurement the
students perform experiments on a laboratory test rig,
and compare measurements based on principles such
as oriﬁce ﬂow, Coriolis eﬀect, turbine meters, vortex
meters, and electromagnetic ﬂowmeters. Angles are
measured on a dc motor using diﬀerent angle trans-
ducers.
Finally, real-time systems and real-time program-
ming are brieﬂy presented, and there is a two-hour
lecture on schedulers, synchronization, and state ma-
chines. Further topics in this part of the course are
logic control, logic circuits, Boolean algebra, PLC, A/D
and D/A converters, sampling, scaling, calibration, and
ﬁlters.
2.4 Textbook
In the process of developing this course we were unable
to ﬁnd a textbook covering all of the topics at an intro-
ductory level. As a result, we are currently developing
our own material on dynamics, control systems, real-
time computing, and logic control. The instrumenta-
tion and electronics topics rely on textbooks and older
lecture notes written at the department. We are cur-
rently compiling this material into a new textbook for
the course. The language of the book will be Norwe-
gian. More information on the course can be found in
Gravdahl (2007).
3 Modeling and Simulation
Modeling and simulation of dynamic processes has de-
veloped from a tool for specialists in universities and
industry to a routine activity in many sectors of in-
dustry and in entertainment. Teenagers are familiar
with animation in computer games, and it is no longer
diﬃcult to explain the concept and need for real-time
simulation. Industrial customers of control systems in-
creasingly require detailed simulation studies to doc-
ument system performance, and elaborate simulators
with associated real-time animation are used in sales
and training. It is interesting to consider the implica-
tions of these developments for the teaching of model-
ing and simulation to students specializing in control.
Control students have traditionally been among the
few students who receive education in mathematical
modeling and simulation. Modeling and simulation
courses have focused on generic model representations
and input-output models. The physical plants and sim-
ulation techniques presented have, to a large extent,
been trivial. This level of teaching was suﬃcient ﬁve
to ten years ago in relation to the needs of industry and
research labs at that time. In contrast, there are many
students outside of the control area who now master
modeling and simulation, and control-oriented simu-
lation models used in industry are becoming highly
specialized and detailed. Although advanced mathe-
matical models for use in simulators are usually avail-
able in diﬀerent branches of the engineering literature,
the relevant books and university courses are oriented
toward static models or the use of the Fourier trans-
form, rather than state-space models and the Laplace
transform, which are the main tools of the control en-
gineer. As a result, several courses or books must be
consulted to obtain relevant modeling information for
a particular process. To meet this challenge it is im-
portant to improve the training in modeling and sim-
ulation so that students who specialize in control can
provide the expertise required by industrial companies
and research institutions.
In response to this situation, the modeling and simu-
lation course oﬀered to the control students at NTNU
has been updated, and a new textbook has been de-
veloped Egeland and Gravdahl (2002). The style of
modeling in the course is largely adopted from robotics
courses like Craig (1986), Spong and Vidyasagar (1989),
and Sciavicco and Siciliano (2000), where modeling is
presented in detail and in a precise style based on equa-
tions. Generic modeling tools such as network descrip-
tions, energy-based methods, and passivity are brieﬂy
introduced, while it is assumed that the students have
a background in state space models and the Laplace
transform from a basic course in control theory. The
main part of the course focuses on the detailed mod-
eling of electromechanical systems, hydraulic systems,
friction, rigid body kinematics, equations of motion,
balance equations for mass, momentum and energy,
and isentropic gas dynamics.
The course stresses the fact that the simulation of
models that appear to be simple often requires signif-
icant eﬀort. A well-known example is the Coulomb
friction model, which cannot be used for simulation,
but must be reformulated with an extra state as in the
Dahl or LuGre models, or with a dead-zone as in the
Karnopp model. In hydraulics, the square-root charac-
teristic of turbulent oriﬁce ﬂow is problematic in combi-
nation with automatic step-length control, and should
be regularized with a linear laminar characteristic close
to zero ﬂow. The students are given computer assign-
ments in which they develop simulators for a motor and
load with elastic transmission and friction, for a ﬂuid
transmission line, and for the landing of a helicopter on
a ship. Numerical integration methods for use in sim-
ulation are presented and analyzed, including explicit
and implicit Runge-Kutta methods, backwards diﬀer-
entiation formula methods, and characteristic proper-
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ties of various numerical schemes.
The main idea of the course is to provide students
with suﬃcient modeling background to design controllers
and simulators for a wide range of processes. An inter-
esting observation is the current trend that new prod-
ucts and systems are often developed by a team of ex-
perts with diﬀerent backgrounds. To prepare students
for this situation, the course employs standard termi-
nology and notation from diﬀerent engineering disci-
plines. We deliberately break from the tradition in the
control literature, where the emphasis is on having a
uniﬁed formulation speciﬁc to automatic control.
The textbook for this course contains more material
than is covered in the lectures, so that students can
return to the book at a later stage and ﬁnd additional
information about particular subjects. In the student
project work and in the Master’s thesis work in the ﬁfth
year, students have used this textbook to develop ad-
vanced mathematical models and simulators for a wide
range of processes. The continued use of the textbook
is an indication that the new course on modeling and
simulation has been successful. More information on
the course is found in Egeland (2007), and reviews of
Egeland and Gravdahl (2002) can be found in Bern-
stein (2003) and Johansson (2004).
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